Pasteurella multocida is a mucosal pathogen that colonizes the upper respiratory system of rabbits. Respiratory infections can result, but the bacteria can also invade the circulatory system, producing abscesses or septicemia. P. multocida produces extracellular sialidase activity, which is believed to augment colonization of the respiratory tract and the production of lesions in an active infection. Previously, it was demonstrated that some isolates of P. multocida contain two unique sialidase genes, nanH and nanB, that encode enzymes with different substrate specificities
Pasteurella multocida can be a virulent pathogen of rabbits, producing fatal septicemia, pneumonia, chronic rhinitis, and otitis media as well as multiple abscesses; however, some animals are persistently colonized and exhibit no apparent signs of disease (37, 55) . Many rabbits become colonized with Pasteurella soon after birth, and after weaning more than 75% of rabbits that nurse from infected dams become culture positive (22) . The prevalence of P. multocida in clinically healthy rabbits ranges from 20 to 90%, depending on the methods used for detection, as well as the age and health status of the rabbit (19, 37, 55) . Laboratory rabbits colonized with P. multocida often develop clinical disease after being shipped to a research facility, but persistently colonized, asymptomatic rabbits have been shown to produce aberrant results if they are used in research (18, 48) . The effect of pasteurellosis on biomedical research is so profound that continuous screening of research rabbit colonies is recommended (54) . Culture of nasal swab specimens has been shown to be unreliable for screening, since up to 30% of infected animals may not be detected by this method (23, 24) . In addition, serological screening has not been effective in identifying all persistently colonized rabbits because most of the serological tests use uncharacterized antigen mixtures that may not detect the multitude of serotypes that colonize rabbits (11, 13, 26, 30, 32, 38, 39, 41, 49, 59) . Vaccination is not commercially available because of a lack of efficacy, and furthermore, antibiotics may be effective for resolving the symptoms in sick animals but usually do not clear the bacteria from colonized animals (17, 27, 40, 56) .
P. multocida isolates vary in their abilities to produce disease in animals; some are associated primarily with upper respiratory disease, while others cause septicemia, abscesses, and pneumonia (11, 15) . However, in order to initiate infection, the bacteria must colonize the respiratory mucosa, and organisms that inhabit mucosal surfaces frequently produce sialidases (12, 52) . These enzymes have been shown to exhibit glycolytic activity on mucin, which releases terminal sialic acid residues that can then be used as a bacterial carbon source (12, 43, 52) . Sialidase is the only extracellular glycolytic enzyme produced by P. multocida, suggesting that this enzyme probably plays a major role in the ability of P. multocida to colonize animals (16, 35, 50) . Many P. multocida isolates possess two sialidase genes that encode enzymes with different substrate specificities, and NanH sialidase-deficient mutants of P. multocida have a reduced ability to replicate with host glycoconjugants as carbon sources (43) . Expression of sialidase has been shown to occur during infection; therefore, the animal host is likely to have been exposed to the protein during mucosal colonization by the bacteria (51, 58) . Except for substrate-binding residues, the Pasteurella enzyme exhibits little homology with other sialidases (43) , suggesting that this antigen may be useful for the serological diagnosis of pasteurellosis. In this study we report on the use of a NanH enzyme-linked immunosorbent assay (ELISA) to detect P. multocida infection in healthy and clinically ill rabbits.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The Pasteurella isolates used for analysis in this study are described in Table 1 . Escherichia coli strain M15(pREP4) (Qiagen, Chatsworth, Calif.) and P. multocida isolates were stored at Ϫ70°C in a solution of 0.1% peptone-15% glycerol. Bacterial strains and isolates were grown in brain heart infusion (BHI) broth or on agar (Difco Laboratories, Detroit, Mich.) at 37°C. For the isolation of P. multocida from clinical samples, swabs were streaked onto plates of blood, chocolate, Knight's (33) , and Avril's (6) agars and then incubated at 37°C for 48 h in ambient atmosphere; and duplicate plates were incubated in a candle jar. The sialidase activities of the P. multocida isolates were qualitatively assayed by using 2Ј-(4-methylumbelliferyl)-␣-D-N-acetylneuraminic acid in a filter paper spot test (43) . Unless otherwise indicated, chemicals were obtained from Sigma Chemical Co. (St. Louis, Mo.).
DNA sequence analysis. An internal portion of nanH was amplified from P. multocida genomic DNA by PCR with primers F1 (5Ј-GCT TTG ATG GCA GTT TAT ATG TG-3Ј) and R2 (5Ј-TGA AGG AGC CGC TGT AGT CG-3Ј) by denaturation for 1 min at 94°C, renaturation for 1 min at 55°C, and primer extension for 1 min at 72°C in a 30-cycle program with an Amplitron II thermocycler (Fisher Scientific, Pittsburgh, Pa.). The reaction mixture contained 2 mM MgCl 2, 50 mM Tris (pH 7.4), 0.1 mM primer, 0.2 mM nucleotides, and 1 U of Taq polymerase per 20 l. The DNA sequence of the 512-bp amplicon was determined by dideoxy termination in an Applied Biosystems automated sequencer at the Molecular Genetics Instrumentation Facility at the University of Georgia. DNA sequences were aligned with the DNA sequence of nanH (GenBank accession number AF274869) by using the AlignX program of Vector NTi software (Informax, North Bethesda, Md.).
DNA-DNA hybridization. The nanH-specific probe was created from isolate 86-1913 genomic DNA by PCR, as described above, except that digoxigeninlabeled nucleotides (Boehringer Mannheim, Indianapolis, Ind.) were used. Free nucleotides were removed from the amplicon by purification with a Wizard DNA Clean-up kit (Promega, Madison, Wis.). The amplicon was eluted in 50 l of distilled water and added to 50 ml of sterile hybridization buffer (750 mM sodium chloride, 75 mM sodium citrate, 0.1% N-lauryl sarcosine, 0.02% sodium dodecyl sulfate [SDS], 1% Blocking Reagent [pH 7.0; Boehringer Mannheim]). Genomic DNA from the P. multocida isolates was extracted from the cell suspensions by the cetyltrimethylammonium bromide method described in Current Protocols in Molecular Biology (5) . The DNA was digested with HindIII and separated on a 0.7% agarose gel. DNA was transferred and hybridized by the protocol for Southern blotting on nylon membranes described in Current Protocols in Molecular Biology (5) . High-stringency washes were performed with 0.1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 0.1% SDS at 68°C; low-stringency washes were performed at 55°C.
Cloning and purification of the recombinant sialidase. The 5Ј portion of the nanH sialidase gene (GenBank accession number AF274869) corresponding to base pairs 175 to 1390 was fused to an amino-terminal histidine tag by using the vector pQE30, according to the directions of the manufacturer (Qiagen). The recombinant nanH construct, pMZ1, was predicted to produce a 47.6-kDa protein (432 amino acids), which was visualized by SDS-polyacrylamide gel electrophoresis (PAGE) on 10% polyacrylamide slab gels by the protocol of Laemmli (34) . Purification of NanH was achieved with a nickel affinity column. Fractions containing the protein were pooled, and the protein concentration was determined with the bicinchoninic acid protein assay reagent (Pierce, Rockford, Ill.).
The purity of the NanH preparation was analyzed by SDS-PAGE. For Western blotting analysis, the proteins were transferred to nitrocellulose membranes and probed with NanH antiserum (5) .
Production of NanH polyclonal antibodies. Rabbit NanH antiserum was produced by intradermal injection of 200 g of purified antigen in 500 l of complete Freund's adjuvant in 20 different sites on a New Zealand White male rabbit. The rabbit was revaccinated twice subcutaneously with 100 g of antigen in Freund's incomplete adjuvant at 3-week intervals. A preimmune blood sample was collected before the first immunization; serum was collected 14 days after each revaccination.
Rabbit challenge. Nineteen male New Zealand White rabbits (weight, 2.7 to 3.6 kg) were acquired from a certified Pasteurella-free vendor (Myrtle's Rabbits, Thompson Station, Tenn.). The rabbits were housed individually in stainless steel cages with stainless steel slatted floors. The lighting consisted of 12-h cycles of illumination and darkness. Approximately, 150 g of commercial pelleted feed was provided daily, and water was available ad libitum. The room temperature was maintained at 20 to 22°C, the relative humidity was 40 to 60%, and the room was ventilated at 12 air changes/h. Blood collection, bacterial challenge, and euthanasia were done under Institutional Animal Care and Use Committee-approved protocols. Serum samples were collected from 12 control rabbits, 2 weeks after they were housed, in order to establish a negative baseline for the NanH ELISA. Five rabbits, housed separately from the controls, were administered intranasally 10 l of phosphate-buffered saline containing approximately 10 5 CFU of isolate P-1059. These rabbits became systemically ill within 30 h postexposure and were administered 10 mg of enrofloxacin per kg of body weight subcutaneously twice daily for 5 days. Serum was collected from the rabbits prior to challenge and weekly thereafter for the next 5 weeks, after which the animals were euthanatized. In addition, two rabbits were administered intranasally a cocktail of three lapine isolates of P. multocida (Table 1) . Serum was collected from the rabbits prior to challenge and weekly thereafter for the next 11 weeks. On week 14, the rabbits were euthanatized with an overdose of sodium pentobarbital; and then samples were taken from the deep nasal turbinates, pharynx, trachea, ear bullae, and cervical lymph nodes for both culture and PCR. A full necropsy was performed on all of the animals in order to detect gross indications of infection. Samples of lung, liver, kidney, and brain were fixed in 10% buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin-eosin for histologic evaluation.
Clinical samples. Veterinary clinics and laboratory animal facilities were solicited to supply rabbit serum and lesion samples for the study. Forty-two swabs of lesions or nasal exudates with accompanying serum samples were acquired from rabbits with clinical signs suggestive of pasteurellosis. These were streaked onto selective (Knight's and Avril's agar) and nonselective (blood and chocolate) agar plates for P. multocida culture and then placed in BHI broth and incubated at 37°C overnight to be processed for PCR. The clinical signs of the affected rabbits from which samples were submitted included sneezing, congestion, chronic nasal discharge, chronic ocular discharge, otitis, ataxia, head tilt, anorexia, recumbency, and abscesses in various locations. The swabs had been used to sample the nostrils, ocular discharge, inner ear, or abscesses. The swabs were placed in the transport medium routinely used in the particular veterinary practice (in most cases, Culturette). In addition, 76 serum samples were acquired from rabbits examined by veterinarians in private practice. These samples were not accompanied by clinical histories. We also obtained 86 serum samples from rabbits from eight different laboratory animal facilities which either were believed to be P. multocida-free or possessed rabbit colonies with a history of individuals exhibiting very mild signs of pasteurellosis (upper respiratory infection). The storage and mailing of serum samples were done by the routine methods for each facility. Samples took an average of 3 days to arrive at the laboratory. Future samples are to be submitted to Patricia Schroder (phone: (706) 542-5812 or (706) 542-5494; e-mail: pas@vet.uga.edu). ELISA. Secondary antibody conjugates were acquired from Accurate Antibody (Westbury, N.Y.). A whole-cell-lysate ELISA was performed as described by Kawamoto et al. (29, 30) (the Kawamoto ELISA) in order to confirm the infection status of some of the rabbits. The NanH ELISA was performed by using a modification of a previously described ELISA protocol (53) . Briefly, 50 l of 50 mM carbonate-bicarbonate buffer (pH 9.6) containing 0.5 g of NanH was used to coat flat-bottom microtiter wells. After overnight incubation at 4°C the plates were stored at Ϫ70°C. Before use, unbound antigen was removed by washing with 200 l of phosphate-buffered saline (pH 7) containing 0.05% Tween 20 (washing buffer). Antigen-coated wells were exposed to rabbit sera of various dilutions (range, 1:4 to 1:128). Fifty microliters of serum, diluted in phosphatebuffered saline containing 0.1% Tween 20 and 5% nonfat dry milk (conjugate buffer), was placed into duplicate microtiter wells; and the plates were incubated at 37°C for 45 min. The wells were washed three times with 200 l of washing buffer. Fifty microliters of horseradish peroxidase-conjugated goat anti-rabbit secondary antibody was added at a dilution previously determined by checkerboard titration; anti-(whole-molecule) rabbit immunoglobulin G (IgG) was diluted 1:10,000, and anti-(-chain-specific) rabbit IgM was diluted 1:2,000 in conjugate buffer. The plates were incubated at 37°C for 45 min, and then the wells were washed three times with 200 l of washing buffer. The plates were developed by adding 50 l of horseradish peroxidase substrate (50 mM citricphosphate buffer [pH 5.0] containing 1 mg of o-phenylenediamine per ml and 0.03% H 2 O 2 ). After 10 min of incubation at 37°C, the reaction was stopped by the addition of 12.5 l of 2 M HCl. The plates were read at 490 nm with a microplate reader (Bio-Tek Instruments, Inc., Winooski, Vt.). The mean optical density (OD) was calculated from the readings from the duplicate wells. Since goat anti-(whole-molecule) rabbit IgG was used as the secondary antibody, the NanH IgG ELISA actually detected nonisotype-specific IgG; therefore, in the Results section, any reference to IgG titers actually refers to nonisotype-specific NanH IgG.
PCR detection of P. multocida. The template for PCR was prepared by incubating sample swabs or control strains in BHI broth at 37°C overnight. P. multocida isolate P-1059 was used as the positive control. Bacteria were collected by centrifugation (5,000 ϫ g for 5 min) and were washed twice with 1 ml of sterile distilled water. The pellets were resuspended in 50 l of sterile distilled water, boiled for 10 min, and then diluted 1/10 in water for use in the amplification cocktail. PCR was performed as described by Kasten et al. (28) with primers Pslf (5Ј-ATG AAA AAA CTA ACT AAA GTA-3Ј) and Pslr (5Ј-TTA GTA TGC TAA CAC AGC ACG ACG-3Ј) to amplify 453 bp of the psl gene, which encodes the P6-like protein. This gene has been shown to be unique to P. multocida and Haemophilus influenzae and has been used for the detection of pasteurellosis in turkeys (28) . The identities of the amplicons were confirmed by DNA-DNA hybridization by a PCR-ELISA (44) . This consisted of a psl PCR master mixture containing digoxigenin-labeled nucleotides (Roche Molecular Biochemicals, Indianapolis, Ind.) and 0.1 fM of the 3Ј-biotinylated psl-specific probe 5Ј-GAT GCA CAT GCG GCG TTC TTA A-3Ј. After 30 cycles the amplicons were denatured by incubation for 1 min at 96°C, with probe annealing for 15 min at 60°C. Probe-amplicon hybrids were captured in streptavidin-coated wells and detected with antidigoxigenin antibody-conjugate, as described by the manufacturer (Roche Molecular Biochemicals).
Nucleotide sequence accession numbers. The nanH sequences were deposited in GenBank under accession numbers AY153793 to AY153804.
RESULTS
Distribution of nanH among Pasteurella spp. All of the reference serotypes and lapine isolates of P. multocida tested produced sialidase activity in the filter paper spot test. We did not possess isolates of serotype 2 or 6; therefore, these serotypes were not tested. It was previously determined (43) that some isolates contain at least two sialidases, NanH and NanB. In order to determine whether NanH was conserved among isolates, an internal portion of nanH from isolates of the reference serotypes was amplified by PCR and the DNA was sequenced. The DNA sequences that were amplified demonstrated 81% identity; however, the derived amino acid sequences demonstrated 96% similarity and 79% identity, suggesting that the NanH sialidase is well conserved among isolates of different serotypes (Fig. 1) . However, since repeated PCR attempts failed to amplify nanH from serotypes 1 and 14, DNA-DNA hybridization was performed to determine whether nanH was present in these isolates. Genomic DNA from 12 of the 14 serotypes tested hybridized with the nanHspecific probe under high-stringency conditions (68°C wash) (data not shown). When the stringency was lowered (55°C), all isolates hybridized (data not shown), including those of serotypes 1 and 14, suggesting that nanH is widely distributed among the serotypes of P. multocida. In addition, serotypes 1 and 14 were also reactive with NanH antiserum when they were used in a whole-cell ELISA, suggesting that all serotypes tested produce an antigenically conserved NanH sialidase (data not shown). These results suggest that NanH may be a useful antigen for the serological screening of animals infected with P. multocida. NanH ELISA. NanH has been shown to be difficult to purify from P. multocida because it is membrane associated (43) . In order to produce a protein that would be more amenable to purification, it was cloned to allow its expression with a histidine affinity tag. The recombinant NanH protein was isolated by affinity chromatography in essentially pure form with no contaminating proteins, as detected by SDS-PAGE and Coomassie blue staining (data not shown). When the NanH protein was used to vaccinate a rabbit, high-titer anti-NanH serum was acquired, and its reactivity was confirmed by Western blotting at a 1/18,000 dilution. The anti-NanH serum was used as the positive control serum in the ELISA. All 19 rabbits in our research group were nasal swab culture and PCR negative for P. multocida and demonstrated no symptoms of disease prior to testing by ELISA or challenge. Sera from 12 control rabbits were tested for cross-reactive antibodies against NanH by ELISA. Detection of cross-reactive IgG yielded ODs at 490 nm that ranged from 0 to 0.379 (mean ϭ 0.11, standard deviation ϭ 0.07) at a 1/4 dilution, 0 to 0.238 (mean ϭ 0.06, standard deviation ϭ 0.06) at a 1/8 dilution, and 0 to 0.136 (mean ϭ 0.03, standard deviation ϭ 0.04) at a 1/16 dilution. Detection of cross-reactive IgM yielded ODs that ranged from 0.06 to 0.125 (mean ϭ 0.09, standard deviation ϭ 0.02) at a 1/4 dilution and 0.04 to 0.108 (mean ϭ 0.06, standard deviation ϭ 0.02) at a 1/8 dilution. Since cross-reactive antibodies were most apparent at the lower dilutions, we chose dilutions of 1/16 (IgG) and 1/8 (IgM) as the minimal dilutions for the detection of NanH antibody titers. Net absorbance values of 0.2 at the 1/16 dilution for IgG and 0.13 at 1/8 dilution for IgM were calculated to be the threshold values for a positive titer in serum, according to method of Balfour and Harford (7). This value was determined by adding the mean absorbance value for the sera from the 12 negative control rabbits plus 4 times the standard deviation.
The serum from two negative rabbits was pooled to provide a stock of negative control serum for quality control (QC) in subsequent assays. Serum from the NanH-vaccinated rabbit, which was exsanguinated 2 weeks after the third immunization, served as the positive control for the NanH IgG ELISA; serum removed from this rabbit 2 weeks after the first immunization served as the positive control serum for the IgM ELISA. In order to establish the QC range for the negative and the positive control sera, each was used in multiple ELISA trials. In 125 IgG ELISA trials the negative control serum yielded ODs at 490 nm that ranged from 0 to 0.161 (mean ϭ 0.046, standard deviation ϭ 0.036) at a 1/16 dilution. The IgG QC OD range for the negative control serum was determined to be 0 to 0.11 [equal to the mean OD at 490 nm Ϯ (standard deviation ϫ 2)]. By using these QC criteria, the results for 94.4% of the 125 trials were within the acceptable range. Similarly, detection of NanH IgG by using the positive control serum in 129 ELISA trials yielded ODs at 490 nm that ranged from 0.669 to 1.961 (mean ϭ 1.317, standard deviation ϭ 0.225) at a 1/1,000 dilution and 0.391 to 1.298 (mean ϭ 0.825, standard deviation ϭ 0.176) at a 1/10,000 dilution. Therefore, the NanH IgG QC readings for the positive control serum were determined to be Ͼ0.87 at the 1/1,000 dilution and Ͼ0.47 at the 1/10,000 dilution [mean OD at 490 nm Ϫ (standard deviation ϫ 2)]. By using these QC criteria, the results for 98.4% of the 129 trials with the positive control serum were within the acceptable ranges. Sera from two negative rabbits were also used as the negative control for the IgM ELISA. In six IgM ELISA trials the negative control serum yielded ODs at 490 nm that ranged from 0.019 to 0.101 (mean ϭ 0.062, standard deviation ϭ 0.027) at a 1/8 dilution. The IgM QC range for the negative control serum was determined to be 0 to 0.116 [mean OD at 490 nm Ϯ (standard deviation ϫ 2)]. By using these QC criteria, the results for all six trials were within the acceptable range. Similarly, detection of NanH IgM by using the positive control serum in 11 ELISA trials yielded ODs at 490 nm that ranged from 0.233 to 0.932 (mean ϭ 0.6, standard deviation ϭ 0.206) at a 1/16 dilution. Consequently, the IgM QC reading for the positive control serum was established to be Ͼ0.187 at a 1/16 dilution (mean OD 490 nm Ϫ [the standard deviation ϫ FIG. 1. Derived amino acid sequence of P. multocida NanH sialidase acquired by PCR amplification of reference serotype strains (except those of serotypes 1 and 14, which were not amplified, and serotypes 2 and 6, which were not tested). The sequences exhibit 96.5% similarity and 78.8% identity among isolates; the sequence identity (dots) with the sequence of isolate 86-1913 is shown. 
2])
. By using these QC criteria, the results for all 11 trials were within the acceptable ranges. These QC criteria were used to evaluate whether the results of the trials with the test sera were valid. Serological testing of rabbits experimentally challenged with P. multocida. We hypothesized that sialidase expression by P. multocida would facilitate nutrient acquisition during colonization and infection of host respiratory mucosal surfaces. Therefore, the immune systems of colonized animals may have become exposed to P. multocida surface proteins during colonization and bacterial cells may also have been phagocytosed by antigen-processing cells present in the mucosal tissue (Fig.  2) . In order to determine whether NanH antibody could be detected in colonized rabbits, we challenged rabbits intranasally with several P. multocida isolates. Five rabbits that were administered highly virulent isolate P-1059 exhibited symptoms of septicemia on the day after challenge. The animals were treated with an antibiotic that resolved the infection, and all of the rabbits recovered. Serum from the rabbits did not display NanH antibodies, and P. multocida was not detected posttreatment by PCR or culture. However, two of the three rabbits that were tested by the Kawamoto whole-cell-lysate ELISA produced positive titers 2 to 3 weeks postchallenge, confirming their Pasteurella infection status. The rapid onset of disease, coupled with therapeutic treatment, probably resulted in inadequate exposure to P. multocida surface sialidase.
In contrast, two rabbits that were administered a cocktail of low-virulence isolates produced NanH IgM antibodies, and one rabbit demonstrated IgG antibodies 6 weeks after inoculation (Fig. 3) . Since we used anti-whole-molecule IgG for detection, the NanH IgG titer was actually nonisotype-specific IgG. NanH IgG levels continued to rise in both of these rabbits, but the second rabbit exhibited a positive titer only after 11 weeks postexposure. IgM titers were transient and undetectable in the samples collected at 9 weeks postexposure. P. multocida was detected in both rabbits at 14 weeks postinoculation by PCR of tracheal and nasal swab specimens collected at necropsy. P. multocida was also isolated by culture from a tracheal swab specimen of the rabbit that demonstrated the highest IgG levels postinoculation. Neither rabbit exhibited any clinical signs of P. multocida infection, nor were lesions detected by gross pathology or histopathology, suggesting that on August 27, 2017 by guest http://cvi.asm.org/ the animals were colonized but not adversely affected by the bacteria. While serum samples from these rabbits produced increasing OD values by the Kawamoto ELISA over the course of the experiment, only one serum sample from one rabbit had a positive titer (Fig. 3) . These results suggest that NanH sialidase is sufficiently expressed by P. multocida during surface colonization of the respiratory mucosal system to stimulate serum antibody production. Serological testing of rabbits housed in research facilities. Since we demonstrated that respiratory colonization by P. multocida could be detected by the NanH ELISA, we sought to determine if the ELISA could identify asymptomatic carriers in colonies of research animals. While the prevalence of P. multocida may vary among research facilities, a single rabbit carrier in a facility can result in colony-wide exposure. The results of these tests are shown in Table 2 . We received serum samples from two research facilities where the facility veterinarian reported no recent history of P. multocida infections among the rabbits. None of these 18 samples produced either anti-NanH IgG or anti-NanH IgM antibodies. However, six facilities which reported a history of endemic pasteurellosis contained asymptomatic individuals that did exhibit antibodies. Twenty to 50% of these samples had anti-NanH IgG at titers as high as 1:128. However, some of the rabbit samples had only anti-NanH IgM antibodies. Samples from two of these facilities were also tested by the Kawamoto ELISA, which revealed that 36 to 57% of the samples were positive for antibodies. Three serum samples were negative by the Kawamoto ELISA but exhibited high titers by the NanH ELISA, results comparable to our findings in the experimental colonization study. Apparently, these facilities contained several carrier animals that served as a source of bacteria for naïve rabbits in the colony. Our results suggest that the NanH ELISA may be useful for identifying healthy carrier rabbits in a research facility.
Serological testing of rabbits seen by veterinarians in private clinical practice. In order to determine whether the NanH ELISA could identify P. multocida-infected clinically ill animals, we identified the infected rabbits by detecting the bacteria in nasal discharges or lesions (Table 3) . We successfully cultured P. multocida from only 1 of 44 swab samples; however, we detected the pathogen in 8 swabs (17.4%) by PCR. Six of the eight PCR-positive rabbits were also positive for serum anti-NanH IgG at titers up to 1:128. However, the two PCRpositive, NanH ELISA-negative sick rabbits were also negative by the Kawamoto whole-cell-lysate ELISA, suggesting that they may have been acutely infected. One of these rabbits was reported by the veterinarian to exhibit an ocular discharge, FIG. 3 . Serological response to NanH sialidase by two rabbits experimentally infected with a cocktail of three low-virulence P. multocida isolates. Colonization of the animals was confirmed by PCR detection of the bacteria in the trachea 14 weeks after exposure. Serum samples were tested for NanH (nonisotype-specific) IgG (at a 1:16 dilution) and IgM (at a 1:8 dilution) by ELISA. Serum samples (obtained 5 to 11 weeks postinfection) were tested by a whole-cell-lysate ELISA, as described by Kawamoto Either of these infections could have been very rapid in onset, leading to a veterinary visit and, possibly, antibiotic treatment before the rabbits produced detectable antibody titers. However, some of the cases of suspected pasteurellosis may have been caused by other organisms, such as Bordetella bronchiseptica, Pseudomonas spp., or Staphylococcus spp. (14, 25) . In order to determine the sensitivity and specificity of the NanH IgG ELISA for the detection of P. multocida, the 8 PCR-positive rabbits were considered infected; the 12 healthy, negative control rabbits were considered uninfected because they were PCR negative. Testing of the sera from these groups by the NanH IgG ELISA indicated that the assay is 100% specific and 75% sensitive. However, infections in acutely ill animals may not be accurately diagnosed by either the NanH IgG or the NanH IgM ELISA.
Although few of the rabbits (17.4%) were PCR positive, 21 of the 44 serum samples (48%) were positive for antibodies by the anti-NanH IgG ELISA. Some of these ELISA-positive rabbits probably had clinical infections caused by unrelated bacteria but may have had respiratory colonization with P. multocida, resulting in the NanH antibodies. Other ELISApositive rabbits were probably chronically infected with P. multocida but may have cleared most of the bacteria or may have been treated with antibiotics or the swab samples were poorly preserved during shipping. While many of these ELISA-positive animals exhibited symptoms of deep infection (nasal discharge, head tilt, torticollis, mandibular abscess, and ataxia), some of the swab samples from the PCR-negative rabbits could not have been obtained from the lesions without euthanatizing the pet. Many of the swabs submitted were probably used to sample the nares and may have contained too few bacteria for detection by the PCR. Table 4 shows the titers from several of the anti-NanH IgG-positive rabbits for which we obtained a description of symptoms. Some of the PCR-negative sick rabbits possessed high serum antibody titers, suggesting that the NanH IgG ELISA may be more sensitive than PCR for the identification of chronically infected animals. However, it was difficult to determine which animals exhibited high titers as a result of respiratory colonization and which rabbits were truly sick from a P. multocida infection. To interpret the NanH titers, it would be useful to know the general prevalence of titers among pet rabbits.
In order to determine the prevalence of anti-NanH antibodies among rabbits visiting veterinarians in private practice, we screened 76 serum samples by the NanH IgG and the NanH IgM ELISAs. These samples were not accompanied by clinical histories; however, we were interested in determining the frequencies of antibodies among a mixed population of healthy and sick rabbits. Forty-five percent (34 of 76) of the samples , and 8 were also tested by the whole-cell-lysate ELISA as described by Kawamoto et al. (29) . Samples from facility 1 did not produce antibodies; however, both facilities 5 and 8 possessed rabbits positive for antibodies to whole-cell lysates. b PCR was performed with DNA extracted from nasal or lesion swab specimens incubated overnight in brain heart infusion broth by the method of Kasten et al. (28) , and then the results were confirmed by DNA hybridization with a biotinylated psl-specific probe (44) .
c Swab specimens of nasal extracts or lesions were inoculated onto blood and chocolate agars and selective media, consisting of Knight's agar (33) and Avril's agar (6), and were then incubated at 37°C for 48 h in ambient atmosphere. Duplicate plates were then incubated in a candle jar. Presumptive positive colonies (mucoid, gray, entire) were confirmed to be P. multocida by PCR by the method of Kasten et al. (28 were negative by both assays, suggesting that about half of the pet rabbits were not colonized with P. multocida. This prevalence was comparable to the 52% negative results for antibodies detected for sick rabbits. However, only 23% of these surveillance samples had anti-NanH IgG antibodies, whereas 48% of the sick animals had anti-NanH IgG antibodies. Fifty percent of the samples were positive for anti-NanH IgM, with 24 of 76 (32%) positive for IgM alone. If it is assumed that the NanH IgM ELISA was not producing a high number of falsepositive reactions, the data suggest that nearly a third of these 76 animals have only IgM antibodies.
DISCUSSION
Because of its virulence, early diagnosis of P. multocida infection in pet rabbits is critical. Figure 2 illustrates the putative phases of P. multocida respiratory colonization and potential infection of rabbits. Exposure to virulent, invasive strains may result in rapid penetration of the respiratory mucosa, leading to peracute or acute disease (1, 3, 36, 46) . In the challenge with isolate P-1059 described in this report, we observed a rapid infection phenomenon in which the rabbits were clinically ill within 30 h after intranasal exposure to a low bacterial dose. Similar results have been reported by others using P1059 and other virulent P. multocida isolates in rabbits (1, 3, 4) . These infections might be detectable by PCR or culture because of the high replication rate of the bacteria in the host tissue (35) . Although culture is considered the "gold standard" for detection, culture techniques for the isolation and identification of P. multocida are time-consuming and often fail because some transport media, including commonly used commercial transport swabs, such as Transwab and Culturette, do not maintain P. multocida viability for more than 1 day at room temperature (31) . In some clinical cases, the organism cannot be cultured from obviously diseased organs because the animal may have received antibiotics prior to sample submission, but PCR should be adequate for identifying the presence of the bacteria postmortem. In sick animals that exhibit peracute disease, an ELISA may not be useful for the detection of convalescent-phase antibodies postinfection if the animals have been treated with antibiotics.
It is also important to determine that healthy research animals are P. multocida free so that they can be used as breeders or research subjects. The bacteria can be present at low numbers deep in the nasal turbinates of carrier rabbits, rendering their detection by culture impossible without killing the animal (24, 54) . Several research groups have investigated ELISA as a method for the detection of colonization of healthy rabbits with P. multocida (23, 26, 30, 32, 39, 45, 59) . However, rabbits exposed to low-virulence strains may become persistently colonized (13) , but the bacteria may be primarily associated with the mucus layer or may adhere to the surfaces of mucosal epithelial cells (2, 20) . The NanH ELISA can detect this colonization state in chronically colonized animals. This rabbit response is comparable to the serological responses of young cystic fibrosis patients persistently colonized with Pseudomonas aeruginosa (57) . The bacteria are poorly invasive but can reach high densities on the mucosae of children with cystic fibrosis (47) . West et al. (57) demonstrated that serology with extracellular proteins or cell lysates could detect colonization 6 to 12 months before culture detection, analogous to the screening of rabbits for P. multocida infection.
Stress or shipping can reduce rabbit mucosal defenses and allow the bacteria to invade the mucosal surface, with subsequent host exposure to other bacterial antigens (Fig. 2) . Lowvirulence strains would be more likely to produce chronic infections, which would result in high anti-P. multocida antibody titers in serum that could be detected by most serological methods. Unfortunately, the detection methods used to screen research animals are not standardized, and as a result serology is not widely used to detect P. multocida exposure. Most serological tests use boiled whole P. multocida cells, heat-stable cell lysates, or purified lipopolysaccharides (LPSs) as the antigen, which can result in both high background levels and significant numbers of false-positive or false-negative results (10, 26, 38, 41, 42) . For example, the Kawamoto ELISA uses a heat-stable whole-cell lysate of P. multocida that is primarily composed of LPSs (9, 21, 29) . Infected rabbits may make high levels of LPS-specific antibody (10, 38, 41, 42) , but the diversity of P. multocida serotype-specific LPS ensures that some strains may not be reactive by all assays (8, 11, 49) . In addition, the extraction process may alter antigenic specificity, so that animals that are negative by a LPS ELISA assay may actually be infected (10, 41, 42) .
A better target for P. multocida detection would be a homogeneous antigen that could be easily purified and that is present in all isolates. In order to obtain a more homogeneous antigen for serological testing, we purified a recombinant NanH sialidase. In a past study (43) it was shown that NanH is associated with the P. multocida outer membrane and does not exhibit a high degree of homology to other sialidases that have been characterized. In the present study, we demonstrated that the gene is ubiquitous in P. multocida isolates that cause disease in domestic animals. Many organisms that colonize the respiratory system produce sialidase, and this enzyme functions in the removal of sialic acid from mucus, which allows b PCR was performed with DNA extracted from nasal or lesion swab specimens incubated overnight in BHI broth by the method of Kasten et al. (28) , and then the result was confirmed by DNA hybridization with a biotinylated pslspecific probe (44) .
c Samples 130 and 140 were tested by a whole-cell-lysate ELISA, as described by Kawamoto et al. (29) ; both samples were positive for antibodies.
sialidase-producing bacteria such as P. multocida to access sialic acid as an energy source (12, 43, 52) . We have shown that expression of sialidase during colonization or chronic infection of deep host tissue elicits a humoral response, which enables detection of persistent colonization by NanH serology.
